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Dysregulated  fear,  or the  persistence  of high  levels  of fear  in  low-threat  contexts,  is an  early  risk  factor
for  the  development  of anxiety  symptoms.  Previous  work  has  suggested  both  propensities  for  over-
control  and  under-control  of  fearfulness  as risk  factors  for anxiety  problems,  each  of which  may  be
relevant  to observations  of dysregulated  fear.  Given  difﬁculty  disentangling  over-control  and  under-
control  through  traditional  behavioral  measures,  we  used  delta–beta  coupling  to  begin  to  understand
the  degree  to which  dysregulated  fear  may  reﬂect  propensities  for over-  or  under-control.  We foundelta–beta coupling
nxiety risk
ysregulated fear
that  toddlers  who  showed  high  levels  of  dysregulated  fear  evidenced  greater delta–beta  coupling  at
frontal  and  central  electrode  sites as preschoolers  relative  to  children  who  were  low  in dysregulated  fear.
Importantly,  these  differences  were  not  observed  when  comparisons  were  made  based  on  fear  levels  in
high threat  contexts.  Results  suggest  dysregulated  fear  may  involve  tendencies  toward  over-control  at
the neural  level.
©  2015  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Extreme fearfulness in childhood is associated with a sevenfold
ncrease in risk for being diagnosed with an anxiety disorder (Clauss
nd Blackford, 2012). Despite this large effect, rates of stability in
earfulness (Kagan et al., 1988; Pfeifer et al., 2002) and its associa-
ions with subsequent disorder (Biederman et al., 2001; Hirshfeld
t al., 1992) are highly variable, making it difﬁcult to understand
ow and for whom early fear leads to disorder. Recent work sug-
ests that risk may  be greatest for children who are highly fearful
n low-threat contexts (Buss, 2011; Buss et al., 2013). This work
escribes dysregulated patterns of fear (Cole et al., 1994) in which
bserved fear is unmatched to contextual incentives (Buss, 2011).
t remains unclear, however, whether dysregulated fear is associ-
ted with the under-engagement or over-engagement of regulatory
esources expected to mitigate fearful behaviors. In fact, both
endencies for under-control (Murray and Kochanska, 2002) and
ver-control (Eisenberg et al., 2001) have been suggested as factors
f risk for anxiety problems. This has resulted in ambiguity about
he processes that should be targeted for programs of intervention
nd treatment. In the current study, we explore a behav-
oral neuroscience approach to understand whether dysregulated
∗ Corresponding author. Tel.: +1 406 9943808.
E-mail address: rebecca.brooker@montana.edu (R.J. Brooker).
ttp://dx.doi.org/10.1016/j.dcn.2015.09.007
878-9293/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article
.0/).license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
fear is associated with trait-level propensities for the over- or
under-engagement of regulatory processing at the neural level.
Dysregulated fear reﬂects a lack of modulation of fear across
contexts (Buss, 2011). Greater dysregulated fear is associated with
longer, more intense expressions of fear in both high-threat and
low-threat contexts. High levels of fearfulness in low threat con-
texts, in particular, distinguish dysregulated fear from traditional
fear-based risk. Importantly, dysregulated fear predicts anxiety
risk even when traditionally-assessed fear is statistically controlled
(Buss, 2011; Buss et al., 2013), suggesting that a focus on high levels
of fear in low-threat contexts may be critical for identifying early
risk for disorder.
Still, the processes that underlie dysregulated fear are unclear.
Consistent with differing theoretical perspectives on emotion
regulation, greater dysregulated fear may  reﬂect two types of dis-
ruptions in emotion processing. From a functionalist perspective,
dysregulated fear may  reﬂect a lack of coordination of response
systems (Campos et al., 1994; Levenson, 1999) such that fear
functions to mount behavioral responses (e.g., autonomic arousal,
withdrawal) to one’s environment even if such a response is unnec-
essary. From this orientation, it is sensible that dysregulated fear is
linked to a propensity for over-control or an underlying readiness
to respond to threat even when threat is not apparent. This is con-
sistent with previous behavioral and neuroscience reports linking
propensities for over-control to greater fear-based risk for anxiety
problems (Brooker et al., 2011; Brooker and Buss, 2014).
 under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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Alternatively, dysregulated fear may  reﬂect a disruption in the
own-regulation of negative emotion, or an inability to alter the
ime course and/or intensity of the fear response (Thompson,
990). From this orientation, dysregulated fear might reﬂect under-
ontrol, or a lack of availability of regulatory resources and
ltimately an inability to abate the fear response. This perspective
s also consistent with past work showing that lower levels of self-
ontrol predict greater risk for behavior problems (Eisenberg et al.,
001). At ﬁrst glance, these two perspectives may  appear to be sep-
rated only by nuance. However, their distinction is critical at the
ntervention and treatment levels. If dysregulated fear is associated
ith propensities for under-control, then interventions focused on
nhancing processes of self-control and regulation may  be most
ffective for preventing disorder. If, however, dysregulated fear is
ssociated with over-control, then these same interventions risk
fﬁrming, or even enhancing, the very tendencies that put children
t risk. Thus, the aim of the current work was to examine the asso-
iation of dysregulated fear with trait-level propensities for under-
r over-control in children.
The majority of work characterizing dysregulated fear has been
one via investigations of observed behavior. However, trait-level
ropensities for regulation, including under- versus over-control,
re notoriously difﬁcult to disentangle at the behavioral level
Cole et al., 2004; Gross and Thompson, 2007). This difﬁculty
as led to an increased focus on physiological measures in stud-
es of emotion and development. At least one study has shown
ositive associations between dysregulated fear and physiolog-
cal measures in infants, including baseline autonomic activity
nd diurnal cortisol levels (Buss et al., 2004). Baseline measures
rovide unique information about the dispositional regulatory style
f the individual, including a dispositional readiness to respond
o challenges in one’s environment (Coan et al., 2006; Davidson,
002; Gunnar, 1992). In this way, baseline measures may  be most
ppropriate for questions about trait-level tendencies for over- or
nder-control.
Despite this utility of baseline assessments, autonomic arousal
nd diurnal cortisol reﬂect fairly ubiquitous processes through
hich it would be difﬁcult to separate individual tendencies for
nder- or over-control. A more optimal measure would allow
or some degree of distinction between emotion-based behavioral
esponses that are often linked to subcortical neural activity, and
ore cognitive processes of regulation, often linked to cortical neu-
al activity. From this approach, relative increases in subcortical
ctivity without parallel increases in cortical activity would reﬂect
nder-control, as motivational and emotion processes become
eightened in absence of downregulation. Similarly, simultaneous
ncreases in cortical and subcortical activity would reﬂect increas-
ng propensities for over-control, as both excitatory and regulatory
echanisms become active. Clearly, the invasiveness of recording
eural activity from deep-brain structures associated with emo-
ional arousal makes such procedures inappropriate for research
ith children. Similarly, the sensitivity of Functional Magnetic
esonance Imaging (fMRI) to movement artifact, coupled with
ts temporal imprecision, make it suboptimal for examinations
f real-time emotion processing in very young children (Byars
t al., 2002). However, parallel changes in cortical and subcortical
ctivity have been linked to oscillations within speciﬁc frequency
ands of the electroencephalogram (EEG) in both children and
dults.
Power in the delta frequency band of the EEG is the predom-
nant frequency in early life as neural activity develops into its
dult-like form (Bell, 1998; Stern et al., 2001). Delta oscillations
re visible in primitive animal brains (González et al., 1999) and,
n humans, have been linked to generators in subcortical areas and
inked to motivational, reward, and emotional processes (Knyazev,
007; Uhlhaas and Singer, 2006). In contrast, power in the betave Neuroscience 17 (2016) 28–34 29
frequency band of the EEG is associated with alertness, with greater
beta power visible during periods of cognitive processing (Ray and
Cole, 1985). Although their neural bases are not entirely clear,
fast-wave oscillations such as beta are believed to reﬂect intra-
cortical connections that are important for attention and higher
cognitive functions (Engel et al., 2001; Ray and Cole, 1985) which
exert an inhibitory inﬂuence on subcortical systems (Robinson,
1999).
While the spatial resolution of EEG limits the degree to which
real-time oscillations can be linked to speciﬁc neural structures,
relations between slow (e.g., delta) and fast (e.g., beta) wave
activity are believed to reﬂect functional interactions between cor-
tical and subcortical circuitry (Knyazev and Slobodskaya, 2003;
Knyazev, 2007). Indeed, physiological studies have suggested that
the stimulation of brainstem and limbic areas of the brain result
in increased slow-wave activity (Gray, 1982; Guyton, 1976) while
fast-wave beta oscillations are associated with increased activ-
ity in cortico-cortical circuits (Knyazev and Slobodskaya, 2003).
Greater positive associations between delta and beta power are
believed reﬂect functional coherence between cortical (i.e., cere-
bral cortex) and subcortical (i.e., limbic) structures. Thus, it has
been proposed that delta–beta coupling may  reﬂect, in real time,
efforts by cognitively-oriented, cortical systems to regulate reac-
tivity in emotionally-oriented, subcortical systems (Knyazev, 2007;
Knyazev et al., 2006), providing a proxy for emotion-regulation pro-
cesses. Although these types of interpretations remain tentative,
this theory is consistent with evidence that greater delta–beta cou-
pling has been associated with greater anxiety in adults (Knyazev,
2011; Miskovic et al., 2010), greater trait-level inhibition (Putman,
2011; Van Peer et al., 2008), and heritable levels of risk for anx-
iety problems in children (Miskovic et al., 2011a). Furthermore,
delta–beta coupling is reduced in concert with the remediation
of symptoms following treatment for Social Anxiety Disorder
(Miskovic et al., 2011b).
Cumulatively, this body of work suggests that delta–beta cou-
pling provides an avenue by which questions about links between
under-vs. over-control and dysregulated fear during childhood
may  be explored. Speciﬁcally, propensities for over-control, which
would increasingly engage cortical regulatory networks as sub-
cortical reactivity increases, should be visible as greater baseline
delta–beta coupling. In contrast, propensities for under-control,
which would engage cognitive resources for regulation to a lesser
degree as subcortical activity increases, would result in smaller
associations between cortical and subcortical function.
Thus, two competing hypotheses may  be derived. If dysregu-
lated fear is linked to trait-level propensities for over-control, then
differences in baseline delta–beta coupling should be visible in chil-
dren who  tend to show high versus low levels of fear in low-threat
contexts. Speciﬁcally, high levels of fear in a low-threat context
should be associated with greater baseline coupling relative to
low levels of fear in a high-threat context. In contrast, if dysreg-
ulated fear is linked to trait-level propensities for under-control,
then differences in baseline coupling should be visible in children
who show high versus low levels of fear in high-threat contexts.
Speciﬁcally, high levels of fear in a high-threat context should be
associated with greater delta–beta coupling relative to low levels
of fear in a high-threat context. Moreover, if delta–beta coupling is
simply reﬂective of general tendencies to respond with fear, then
baseline delta–beta coupling should be associated with high levels
of fear, relative to low levels of fear, in both high- and low-threat
contexts. We  tested each of these possibilities in the current study.
Critically, because we  view both dysregulated fear and delta–beta
coupling as trait-level qualities, we tested their association using
a longitudinal study design, eliminating state-level confounds that
might artiﬁcially increase the degree to which the two measures
appear to be related.
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. Methods
.1. Participants
Participants for the current study were a subset of families par-
icipating in a larger study of emotional development in children.
ixty-six families who had visited the laboratory at child age 2
ears (M = 2.04, SD = 0.04) were invited to participate in a follow-
p psychophysiological assessment on which the current study is
ased. Inclusion criteria for participation in the follow-up assess-
ent required that children be 4.5 years of age (M = 4.59; SD = 0.13),
ithout any known developmental delays or neurological impair-
ents, and free of psychostimulant medications. One invited family
ithdrew from the project, 7 families did not respond to invitations
o participate, 3 families had moved away from the area, 13 fam-
lies declined participation, and 1 family failed to show for their
aboratory visit. Thus, 41 preschoolers (20 girls) were enrolled in
he follow-up. Participants were largely non-Hispanic Caucasian
87.5%, 5.0% African-American, 5.0% Asian-American, 2.5% His-
anic). Nearly half (47.5%) of families reported an annual household
ncome of more than $60,000 (range: <$15,000–$60,000+).
For the current analyses, four left-handed children were
xcluded. Four children did not provide usable baseline data. Data
rom one child were omitted due to excessive EEG artifact. Fear-
ulness could not be scored for 2 children because behavioral data
ere unavailable. Thus, the ﬁnal sample included 30 children.
.2. Procedures and measures
.2.1. Participants
At age 2 years, children participated in a series of laboratory
pisodes designed to elicit a range of emotional responses in
oddlers (Lab-TAB; Buss and Goldsmith, 2000). Given our hypothe-
es about dysregulated fear, we focused on two speciﬁc emotion
pisodes: one episode that was considered high threat and one
pisode that was considered low threat. As described in a previ-
us report (Buss, 2011), putative threat levels were determined
ased on children’s typical patterns of observed fear and engage-
ent, with greater fear and less engagement being indicative of
 high-threat episode and less fear and greater engagement being
ndicative of a low-threat episode.
At age 4.5, children returned to the laboratory for psychophys-
ological (EEG) data collection. This age was chosen for the EEG
ssessment given the well-documented difﬁculties of obtaining
EG data from toddlers (Gavin and Davies, 2008; Marshall and
ox, 2006). During the laboratory visit, children completed three
asks while EEG data were recorded: ﬁrst resting baseline, an
ge-appropriate ﬂanker task, second resting baseline. Delta and
eta power were derived from baseline recordings. Data from the
anker task, which have been reported elsewhere (Brooker and
uss, 2014), were not associated with the hypothesis of the current
tudy.
.2.2. Fear in low-threat context
Fear in a low-threat context was assessed during a 3-min pup-
et show (Lab-TAB; Buss and Goldsmith, 2000). During the episode,
he mother sat in a chair across the experimental room from a
ooden puppet theater with her toddler on her lap. A trained
emale research assistant who was unseen by the child put on
 puppet show in which a lion puppet and an elephant puppet
layed a series of three games, inviting the child to play in each
ctivity: catch (1 min), ﬁshing (1 min), and a ﬁnal episode in which
he puppets offering the toddler a sticker as a prize and before
aying goodbye (1 min). The research assistant then revealed and
ntroduced herself and asked if the child would like to play with theive Neuroscience 17 (2016) 28–34
puppets. This time served as a debrieﬁng period where the child
could become acquainted with the puppeteer and the puppets.
2.2.3. Fear in high-threat context
Fearfulness in a high-threat context was assessed during a 2-
min  robot episode (Lab-TAB; Buss and Goldsmith, 2000). During the
episode, the mother sat in a chair with her toddler in her lab across
the experimental room from a wooden platform on which rested a
remote-controlled robot. The robot, controlled by an experimenter
in the next room, began moving around the platform making noises
and lighting up for 1 min. The experimenter then entered the room
and asked the child if s/he would like to touch the robot. The child
was asked to touch the robot up to three times before the experi-
menter debriefed the toddler saying “It’s just a funny toy robot.”
2.2.4. EEG recording
Children were ﬁtted with a 128-channel HydroCel Geodesic
Sensor Net (Electrical Geodesics, Inc.) for EEG collection. All of
the electrodes used for analysis have demonstrated acceptable
equivalence with 10/10 electrode positions (Luu and Ferree, 2005)
per the standards of the American Board of Registration of Elec-
troencphalographic and Evoked Potential Technologists (ABRET).
Each child completed two  baseline episodes in which s/he was
instructed to alternate sitting for 1 min  with eyes closed with 1 min
for eyes open for a total of 5 min. Similar to procedures used in past
research (Marshall and Fox, 2006), children were told to focus their
attention on a slowly-moving shape on the computer screen to help
minimize movement artifact during the baseline eyes-open period.
EEG data were recorded using NetStation (version 4.3.1) acqui-
sition software (Electrical Geodesic, Inc.: Eugene, OR) and sampled
at a rate of 500 Hz with a gain of 1000. Consistent with the manufac-
turer’s instructions, impedances were reduced to less than 80 k
prior to data collection. EEG data were ﬁltered during acquisition
using a 0.10 Hz highpass ﬁlter and a 100 Hz lowpass ﬁlter. All chan-
nels were referenced to Cz during data collection. Data from each
participant were submitted to an Independent Components Analy-
sis (ICA) to extract eye blink and eye movement artifacts. ICAs were
performed on the continuous EEG data in EEGLab Version 8.0.3b
(Delorme and Makeig, 2004), which employs an automated ver-
sion of the infomax ICA algorithm with enhancements to improve
processing efﬁciency. The algorithm returns maximally indepen-
dent sources of electrical activity in the neural recordings. Each
component was plotted and components that were identiﬁed as
having patterns consistent with eye blink or movement artifacts
were deleted.
2.3. Data reduction
Videos of the puppet show and robot episodes were coded
ofﬂine. Facial fear, bodily fear, freezing, and proximity to caregiver
were micro-coded on a second-by-second basis for each episode
(agreement: 86–91%). Facial fear was coded using the AFFEX sys-
tem, which differentiates emotion expressions based on three
regions of the face (Izard et al., 1983). Fear was  coded when brows
were straight and raised, eyes were open wide, and mouth was
open with corners pulled back. Bodily expressions of fear were
coded when activity was  diminished, children remained still/rigid
for more than two  consecutive seconds, and/or muscles appeared
tensed or trembling. Proximity to caregiver was scored when the
child was within approximately 2 ft. of their caregiver. A Principal
Components Analysis was  conducted for each episode. In each anal-
ysis, a factor emerged which accounted for approximately 25% of
the variance in the original variables and included the duration or
timing of each fear behavior. Fear behaviors were standardized and
composited into a single fearfulness variable for each episode (ICCs:
0.61–0.73) that indexed the proportion of time that children were
ognitive Neuroscience 17 (2016) 28–34 31
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ngaged in fear behaviors. A mean split (M = 36.95, SD = 23.54) was
sed to create groups reﬂecting high (n = 14) and low (n = 16) fear-
ulness in Puppet Show, a low-threat context, and Robot (M = 67.76,
D = 23.82; high fear n = 11, low fear n = 19), a high-threat context.
igh fear group was unrelated to low fear group, supporting our
ssertion that dysregulated fear is unique from traditionally mea-
ured, overall high levels of fear (2(1) = 0.26, p > 0.05).
Ofﬂine EEG data processing was performed in Brain Vision
nalyzer (BVA; Brain Products: Gilching, Germany). Data were re-
eferenced to the average of the right and left mastoids and high-
nd low-pass ﬁltered at 0.10 Hz and 30 Hz, respectively. Segments
f 1.024 s were extracted from the continuous EEG and baseline
orrected using the entire data segment. Artifacts were identiﬁed
hen any of the following criteria were met: a voltage step of more
han 75 V/ms between data points, a voltage difference of 150 V
ithin a single segment, a voltage difference of less than 0.5 V
ithin a 50 ms  interval, or an absolute voltage of ±100 V.
Artifact-free data were submitted to a Fast-Fourier Transform
sing a Hamming window with 50% segment width overlap. Power
V2) was derived in the delta (0.5–2.0 Hz) and beta (11.0–18.0 Hz)
requency bands for frontal (F3 and F4), central (C3 and C4), and
arietal (P3 and P4) electrode sites. Cutoffs for delta and beta fre-
uency bands and electrode sites were selected based on previous
ork with young children (Marshall and Fox, 2006; Miskovic et al.,
011a). Composite power values were transformed using the nat-
ral logarithm to correct for positive skew. Pre- and post-baseline
ata were combined to form a single baseline measure (mean
 = 0.76). Finally, consistent with previous work, frontal (F3/4), cen-
ral (C3/4), and parietal (P3/4) sites were combined, resulting in
hree composite measures of baseline delta–beta coupling.
Delta and beta power were largely uncorrelated with the total
umber of baseline segments (Mean |r|s = 0.10 and 0.06, respec-
ively) and the total number of rejected segments (Mean |r|s = 0.29
nd 0.20), respectively). The only exception to this was  that the total
umber of rejected segments was moderately correlated with pari-
tal delta power such that greater delta power at parietal electrodes
as associated with a greater number of rejected segments. Delta
nd beta power were similarly unrelated to low threat fear groups
all ts < 1.20, ps > 0.10) and high threat fear groups (all ts < 1.21,
s > 0.10).
. Results
Similar to previous research, Pearson correlation coefﬁcients
erved as estimates of delta–beta coupling (Miskovic et al., 2010,
011a,b). We  examined levels of coupling during baseline at
rontal, central, and parietal electrodes and investigated asso-
iations between coupling and high- and low-threat contexts.
ifferences in coupling between high and low-fear groups in each
pisode were tested using Fisher’s r-to-z transformation.
We  ﬁrst examined differences in coupling associated with high
ersus low levels of fear in a low-threat context. High levels of fear
n a low-threat context (i.e., dysregulated fear) were associated
ith signiﬁcant delta–beta coupling at frontal (r = 0.65, p < 0.05),
entral (r = 0.83, p < 0.01), and parietal (r = 0.78, p < 0.01) electrodes.
n contrast, low levels of fear in a low-threat context were associ-
ted with signiﬁcant coupling only at parietal sites (frontal: r = 0.19,
 > 0.10, central: r = 0.43, p > 0.10, parietal: r = 0.74, p < 0.01). Differ-
nces in coupling between dysregulated fear and low fear groups
ear were observed at frontal (z = 1.42, p < 0.10) and central (z = 1.81,
 < 0.05) sites. No group differences were observed at parietal
z = 0.28, p > 0.10) electrodes (Fig. 1A).
Next, we examined differences in coupling associated with high
ersus low levels of fear in a high-threat context. Note that high lev-
ls of fear under conditions of high-threat reﬂect a match betweenFig. 1. Group differences in delta–beta coupling based on levels of fear in (A) low-
threat and (B) high-threat contexts.
contextual incentives and fear responses. Thus, while some chil-
dren may show high levels of fear in this context, this type of
response reﬂects high fear, but not dysregulated fear. High levels of
fear in a high-threat context were associated with signiﬁcant cou-
pling at central (r = 0.62, p < 0.01), and parietal (r = 0.73, p < 0.01), but
not frontal (r = 0.41, p > 0.10) sites. Low levels of fear in a high-threat
context were associated with signiﬁcant coupling only at parietal
sites (frontal: r = 0.25, p > 0.10, central: r = 0.54, p > 0.10, parietal:
r = 0.78, p < 0.05). Importantly, coupling did not differ between low
and high fear children at frontal (z = 0.43, p > 0.10), central (z = 0.28,
p > 0.10), or parietal sites (z = −0.28, p > 0.10; Fig. 1B).
4. Discussion
Greater levels of baseline coupling were observed for children
who showed dysregulated fear, or high levels of fear in a low-threat
episode, relative to children who showed low levels of fear in a low-
threat context. Differences in coupling were not apparent based on
levels of fear in a high-threat context. Results are consistent with
the notion that anxiety risk, indexed by dysregulated fear, is asso-
ciated with trait-level propensities for over-control during early
childhood. Because fear and coupling, both thought to reﬂect sta-
ble individual differences, were measured nearly 2 years apart, it
is unlikely that links between these measures were due to state
ﬂuctuations of affect in young children. Rather, ﬁndings are con-
sistent with behavioral (Eisenberg et al., 2001; Kochanska et al.,
1996) and physiological studies (Brooker and Buss, 2014; Meyer
et al., 2012) suggesting stable associations between tendencies for
over-control and early risk for anxiety problems. The implications
of these results are discussed below.We tested two  competing hypotheses about the propensities, at
the neural level, that may underlie dysregulated fear. Our results
provided initial evidence that trait level propensities for over-
control, as indexed by delta–beta coupling, were most pronounced
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n association with fearfulness in low-threat environments. As pre-
iously noted, baseline coupling is believed to reﬂect increased
ortical-subcortical crosstalk (Knyazev and Slobodskaya, 2003;
nyazev, 2007) and may  indicate active control over emotion sys-
ems in a by more regulatory processes (Knyazev, 2007; Knyazev
t al., 2006; Robinson, 1999). Although moderate levels of base-
ine coupling likely index adaptive regulatory efforts, enhanced
aseline coupling has been associated with increased risk for anx-
ety problems in both children and adults (Miskovic et al., 2010,
011a) as well as physiological indices of a heightened readiness
o respond to environmental challenges (Schutter and van Honk,
005; Van Peer et al., 2008). Similarly, both trait and state levels
f anxious apprehension have been linked to enhanced delta–beta
oupling during baseline (Knyazev, 2011; Knyazev et al., 2006).
umulatively, past work and the current results provide support
or the notion that baseline coupling may  reﬂect the propensity
or hypervigilance and chronic anticipation of threat that has long-
tanding links to fear-based anxiety risk (Bar-Haim et al., 2007;
eeb-Sutherland et al., 2014).
The pattern of results was not replicated when coupling was
xamined relative to levels of fear in a high-threat context. This is
onsistent with previous work suggesting that contextual incen-
ives offer critical information for understanding fear responses
Buss, 2011; Buss et al., 2013, 2004). In the current study, sim-
lar group differences in coupling based on both high-threat
nd low-threat fearfulness would have suggested associations
etween coupling and tendencies to react with high levels of fear
verall. Instead, our work supports the idea of a speciﬁc asso-
iation between coupling and levels of dysregulated fear (i.e.,
igh fear in a low-threat context). Our use of baseline measures
llows us to conclude that early observations of fear, despite
ow levels of contextual threat, are associated with trait levels of
ortical–subcortical crosstalk, perhaps reﬂecting propensities to
ngage neural systems of regulation, two years later. It will be
mportant to understand, in future research, whether similar asso-
iations exist for non-baseline (i.e., task) measures, which may
rovide unique information about state-levels responses to one’s
nvironment (Coan et al., 2006). It will be similarly important to
nderstand whether developmental changes in dysregulated fear
re reﬂected in ﬂuctuating levels of baseline coupling. Previous
esearch suggests that, although coupling likely reﬂects a trait-level
ropensity, reductions in anxiety symptoms following treatment
re associated with reduced levels of baseline coupling (Miskovic
t al., 2011b). It is not yet clear whether similar changes may  be
isible in association with risk factors following intervention with
oung children. Testing this possibility will be an important area
or future research.
It should be noted that our analyses were conducted in a
etween-subjects fashion. Previous work with adults has sug-
ested that within- and between-subjects estimates of coupling
eﬂect similar constructs (Schutter and Knyazev, 2012). However,
his work also presents the possibility that coupling mechanisms
evelop over time, impacting observed associations between cou-
ling and behavior. As age is an imperfect proxy for developmental
tage, this suggests that there may  be broad individual differences
n coupling, and the within-subject link between coupling and dys-
egulated fear in young children. This should be kept in mind when
nterpreting the current results.
It is also noteworthy that our ﬁndings diverge from the adult
iterature in ways that might be expected given the developmen-
al stage of the participants. Namely, coupling in both high and
ow fear groups was not speciﬁc to frontal recording sites, as is
ften seen in work with adults. Rather, signiﬁcant levels of cou-
ling were seen across frontal, central, and parietal recording sites.
 lack of specialization of neural processes involved in emotion
rocessing and self-regulation to frontal brain regions is frequentlyive Neuroscience 17 (2016) 28–34
observed in neuroscience work with young children (e.g., Brooker
and Buss, 2014; Solomon et al., 2014). Such ﬁndings are con-
sistent with descriptions of neurodevelopment, which describe
early-developing posterior regions involved in cognitive and regu-
latory processing being progressively overtaken by later-maturing,
more anterior structures (Bachevalier and Mishkin, 1984; Goldman
et al., 1971). This shift in primary processing centers is likely asso-
ciated with patterns of change in neural activation during cognitive
and emotional tasks from posterior to anterior areas.
We similarly report a lack of specialization of regulatory
processing, as indexed by delta–beta coupling, to frontal regions. As
preschoolers, both high and low fear children evidenced some level
of posterior coupling in addition to coupling in more traditional,
frontal areas. Broadly distributed coupling was most evident in
association with fear the high-threat context, which may  reﬂect the
relevance of broad systems of regulation and coping for adaptive
fear responses. Interestingly, group differences in coupling were
only apparent at frontal electrode sites, potentially highlighting
the importance of this region for trait-level propensities for reg-
ulation even at early ages. It will be important for future research
to track the development of delta–beta coupling in association with
children’s growing regulatory capacities and long-term risk for dis-
order.
A ﬁnal notable aspect of the current work is the strength of the
longitudinal design. Given our emphasis on trait-level associations
between dysregulated fear and delta–beta coupling, our efforts to
eliminate state-level confounds is critical to the interpretation of
the current results. While it will be important for future work to
assess the relevance of possible state-related changes in coupling
to early anxiety risk, our results suggest a long-term link between
dysregulated fear and neural systems of regulation as indexed by
delta–beta coupling. That is, we show a link between greater dys-
regulated fear and putative trait-level propensities for over-control
that are stable across a two-year period of early childhood. Research
is in progress that will establish the stability of dysregulated fear,
further identifying its utility as an early marker of anxiety risk. Sta-
ble associations between dysregulated fear and neural systems of
regulation provide possible targets for identifying those individuals
most at risk for disorder. Similar to other domains and investiga-
tions of coupling with adults, these differences may  also be used
to assess the effectiveness of intervention and treatment programs
for at-risk children (Lewis et al., 2008; Miskovic et al., 2011b).
Although our results extend a growing literature on dysregu-
lated fear, the current study is not without limitations. Given our
small sample size, a replication of these results is needed. A second
study is currently underway in a larger sample that will allow for a
direct replication of tests for group differences in delta–beta cou-
pling based on fearfulness in a low-threat context. In addition, it
is important to note that the current study did not include assess-
ments of clinical outcomes, including diagnoses, in children. Given
the age of the current sample, it is likely that the presence of clinical
disorders will become more evident over time. Thus, additional lon-
gitudinal investigations that can directly test delta–beta coupling
as one mechanism of association between dysregulated fear and
anxiety diagnoses will be highly valuable for this line of research.
In addition, experimental evidence that that delta–beta coupling
is associated with cortical-subcortical crosstalk is derived primar-
ily from an animal literature (Guyton, 1976). To date, we remain
limited in our understanding of the precise processes that are
reﬂected by delta–beta coupling in humans, and in young children
in particular. Therefore, although the limited behavioral work to
date is consistent with a theory suggesting that delta–beta coupling
is reﬂective of links between cortical and subcortical networks,
our conclusions remain somewhat exploratory in nature. Future
research that identiﬁes the source generators of delta and beta
oscillations will be critical for understanding the directionality and
ogniti
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verall nature of the processes that are isolated using measures of
elta–beta coupling.
In conclusion, we have provided initial evidence that dysregu-
ated fear is related to a neural system for over-control in young
hildren. This work is consistent with previous research suggest-
ng that hypervigilance for threat and anxious apprehension are
ey risk factors for the development of anxiety problems. Our ﬁnd-
ngs suggest one possible mechanism by which dysregulated fear is
ssociated with long-term anxiety risk and contribute to a growing
iterature on the early identiﬁcation of biological and behavioral
arkers of risk in young children.
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